Abstract -An L-band mode-locking erbium-doped fiber laser with high pulse energy is presented incorporating 1497 nm pump wavelength. Microfiber-based carbon nanotube saturable absorber is employed to initiate mode-locking operation in ring cavity. This mode-locked laser operates in soliton regime by scheming net anomalous dispersion of laser cavity. We observe mode-locked laser with Kelly's sidebands properties and 860 fs pulse duration at 341 mW pump power. The pulse energy of this mode-locked laser is measured at 1.08 nJ, on account of 20 % laser output excerpted from the laser cavity. This achievement is beneficial for numerous applications demanding on a high energy mode-locked laser source at L-band wavelength region.
I. INTRODUCTION
L-band wavelength range covering from 1570 nm to 1615 nm remarks substantial research interest in modern optical systems. Mode-locked fiber laser in this region is constructive for practical applications such as biomedical diagnoses [1] and optical microscopy [2] . Fiber laser is spectacular for its large nonlinearity effect at low power compared to bulk optical system. Nonlinearity induces selfphase modulation which continually generating new frequencies. At higher frequency, stronger positive chirping phenomenon is observed. On the other hand, dispersion is generated when frequency components are propagating at different velocity through a dispersive medium. Dispersion can be either normal or anomalous which provides positive or negative chirpings. Interplay between positive chirping from nonlinearity and negative chirping from anomalous dispersion of optical fiber results in soliton. Soliton allows longer propagation length of optical pulse propagate inside optical fiber at constant frequency without distortion. Therefore, soliton offers excellent pulse stability especially in fiber laser which typically involves longer cavity length than bulk optical system.
Apart from nonlinearity in optical fiber, saturable absorber (SA) generates ultrashort pulse by absorbing incoming photons at low light intensity and emitting photons at high light intensity. Carbon nanotube (CNT) is a good candidate of SA due to its strong nonlinearity and ultrafast recovery time. Recovery time denotes the decay time of excitation after an emitted pulse. CNT material is deposited between two fiber ferrules at infancy stage to fabricate SA. Nevertheless, physical contact of CNT material with fiber ferrule causes the device vulnerable to thermal damage. Additionally, strong illumination is necessary to excite the SA which damages the material due to low thermal damage of this SA structure [3] .
Therefore, microfiber-based SA is proposed to overcome this issue. Microfiber structure employs evanescent field interaction between scattered light at core-cladding interface and CNT. This phenomenon improves thermal damage threshold of SA since CNT interacts with lower intensity of light at evanescent field across longer light interaction region. It is valuable to investigate this work because there have not been any presentation of femtosecond pulses generation above 1.0 nJ at L-band wavelength region incorporating microfiber-based CNT-SA. Up to date, a few published articles report the generation of femtosecond soliton pulses using thin-film based CNT-SAs [4, 5] . As previously discussed, these SA types cannot sustain high intensity pulse that leads to their thermal damage. Indeed, the pulse energies generated from the works are 0.044 nJ [4] and 0.047 nJ [5] , which is relevant to their low thermal damage limitation.
In this paper, we propose and demonstrate a high energy L-band mode-locked fiber laser incorporating CNT-based microfiber SA. We observe soliton mode-locking operation at a maximum pump power of 341 mW with pulse energy achievement of 1.08 nJ.
II. METHODOLOGY

A. Nonlinear saturable absorption setup of CNT-SA
The CNT-SA is characterized in terms of nonlinear saturable absorption properties. An M-fiber Menslosystem pulsed laser source (PLS) with 250 MHz frequency and 117 fs pulse duration is deployed for CNT-SA characterization. The power of PLS is controlled by a variable optical attenuator. Then, a 1550 nm inline isolator is used to avoid signal reverts to the PLS. A 50:50 optical coupler is spliced after the isolator to divide the signal into two equal portions; linear and nonlinear transmission measurement. Both measurements are recorded using optical power meters, whereby nonlinear transmission measurement denotes the reference arm with CNT-SA.
B. L-band mode-locked fiber laser setup
The schematic diagram of L-band mode-locked fiber laser is illustrated in Fig. 1 . A 1497 nm Keopsys Raman Pump Unit (RPU) is employed to pump 17 m Liekki Er 80-8/125 erbium-doped fiber (EDF) through a 1480/1550 wavelength division multiplexer (WDM). The peak core absorption of this EDF is 45 dB/m and 80 dB/m at 1400 nm and 1530 nm, respectively. A backward pumping scheme is used and the output of isolator (ISO) is point towards the EDF. The CNT-SA acts as mode-locker to generate pulses. The polarization controller (PC) is used to transform linear polarization into desired elliptical output polarization with small deviation by adjusting cavity birefringence. An 80:20 optical coupler (OC) is utilized whereby 20 % of the laser output (OP) is taken out for measurement and 80% of the remaining signal is circulating in the ring cavity. 
III. RESULT AND DISCUSSION
A. Nonlinear saturable absorption measurement of CNT-SA Two measurements are recorded from nonlinear saturable absorption properties of CNT; modulation depth (MD) and saturation intensity (I sat ). MD indicates the maximum change in absorption of materials induced by incident light at particular wavelength. The measured MD of this CNT is 2.5 %. On the other hand, I sat is measured from the semiabsorption value of a fully absorbed SA. The I sat for this CNT-SA is measured at 9 MW/cm 2 . This value is lower than reported values of CNT-SA; 17.1 MW/cm 2 [6] , 53 MW/cm 2 [7] and 85 MW/cm 2 [8] . Based on this analysis, the modelocked laser can be generated easily at lower pump power threshold using this CNT-SA. Fig. 2 depicts the evolution of optical spectrum in L-band wavelength region as a function of pump powers. This measurement is taken using a Yokogawa AQ6370B Optical Spectrum Analyzer (OSA) with 0.02 nm bandwidth resolution. Mode-locked laser is observed at pump power of 191 mW until maximum pump power of 341 mW. Spectacularly, microfiber-based CNT-SA can withstand this high pump power with 3-dB bandwidth of 4.53 nm at 1605.3 nm central wavelength. Multiple Kelly's sidebands are shown due to net anomalous dispersion of laser cavity. This phenomenon indicates the functionality of soliton to generate stable mode-locked fiber laser. Kelly's sidebands are generated due to periodic perturbation of dispersion and nonlinearity. Perturbed soliton is coupled to co-propagating dispersive waves. The relative phase of soliton and dispersive waves is continually changing due to nonlinearity experienced in soliton. Phase matching is met between perturbed soliton and dispersive waves along the round-trip circulation with multiple of 2π. This situation generates constructive interference. The product of constructive interference is Kelly's sidebands observed at specific wavelength [9] . Fig. 2 Output spectrum of L-band mode-locked fiber laser.
B. L-band mode-locked fiber laser performance
Maximum pump power of 341 mW is maintained all over the experiment for other pulse characteristics measurement. Fig.  3(a) portrays the pulse width of L-band mode-locked fiber laser using Alnair HAC-200 autocorrelator. The pulse duration (τ FWHM ) is measured at 860 fs after deconvolution factor of 0.648 for secant hyperbolic (sech 2 ) profile. The time bandwidth product (TBP) is deduced at 0.45, denoting the pulse is slightly chirped. This chirping phenomenon is associated to the deviation of TBP from ideal sech 2 pulse at 0.315. Fig. 3(b) presents the pulse train of L-band mode-locked fiber laser using 10 GHz Tektronix TDS 3012 C and 50 GHz Picometrix D-8IR photodetector. Based on this figure, fundamental pulse is measured at pulse repetition rate (f) of 5.7 MHz. The absence of multiple pulsing phenomena at 341 mW pump power denotes this mode-locked fiber laser is stable. This ring cavity is constructed with 17 m Liekki Er80-8/125 EDF and 19 m single mode fiber (SMF-28). The setup is in agreement with f for single round-trip circulation. Liekki Er-80/125 and SMF-28 possess dispersion coefficient of -20 ps 2 /km and -21 ps 2 /km, respectively in 1550 nm wavelength region. The group velocity dispersion is inferred at -0.739 ps 2 , thus the ring cavity operates in anomalous dispersion regime. Fig . 4 expresses the average output power and pulse energy evolution curve. Average output power increase linearly from 2.94 mW to 6.17 mW with respect to pump power from 191 mW to 341 mW. Pulse energy is calculated by dividing average output power to f. Using similar pump power span, pulse energy evolves from 0.52 nJ to 1.08 nJ. This pulse energy is not achieved in previous works incorporating fiber ferrule-SA [4, 5] . Therefore, microfiber-based SA not only beneficial to generate high energy mode-locked fiber laser, but also extends SA lifetime since the SA is exposed to high intensity of light in order to conduct saturable absorption. IV. CONCLUSION We present a high energy L-band mode-locked fiber laser centered at 1605.3 nm with 1.08 nJ pulse energy. The pulse duration of this laser achieves 860 fs. This work remarks the proficiency of microfiber-based CNT-SA to be employed in high energy laser cavity. The mode-locked fiber laser maintains high stability at 341 mW pump power without multiple pulsing properties. Therefore, this work is potential for development of high power mode-locked fiber laser as seed laser source for numerous applications in L-band wavelength region.
